Introduction
Mistletoes are represented in the United States by 2 genera: Phoradendron, the true or American mistletoe, and Arceutthobiuim, the dwarf mistletoe. The greatest number and diversity of mistletoes occurs in California where there are 3 species of Arceuthobiutm and 4 species of Phoradendron (19) .
Arceuithobiumjt is ranked among the most serious pathogens in Western coniferous forests (12) . Injury caused by dwarf mistletoe is manifested in a variety of ways: reduction in tree growth, distortion of growth, recluction in wood quality, predisposition of trees to secondary attack, and reduction in seed yield seems less direct in Phoradendron (4, 34) . Differentiated phloem tissue has never been observed in Arceuthobium (5, 6, 16, 28) and in Phoradendron it is present only in the aerial shoots (34) . There appears to be no specialized relationship between the phloem of the host and the endophytic system of either Arceuthobium ( 5, 9, 22) or Phoradendron (4, 34) .
There have been very few investigations on the physiology of mistletoe parasitism. Forest pathologists have generally accepted the idea that Arceuthobiumn draws upon the photosynthetic products of its host thereby reducing the energy supply of the tree (1, 11, 13, 15) . Weir (32) detached healthy and infected branches of Douglas fir and placed them in a cool moist location. During the following spring the infected branches produced more new foliage than did those not parasitized by mistletoe. He concluded that the additional growth was supported by excess carbohydrates stored in the branch as a result of mistletoe parasitism. Accumulation of starch in the endophytic system of the mistletoe and associated host tissue has been reported by Dufrenoy (9) and Kuijt (17) . Dwarf mistletoe infections often grow from 3 to 6 years within the host before producing aerial shoots (30) and frequently old infections can subsist to extreme ages in the trunks of trees without producing aerial shoots (13) . Thus it appears that carbohydrate dependence is an integral part of parasitism in Arceuthobium.
The only experimental attempt to study the nutrition of dwarf mistletoe was made by Rediske and Shea (23) using lodgepole pine seedlings infected with Arceuthobium americanum Nutt. They exposed the terminal foliage of the seedlings to C1402 and after 24 hours followed the distribution of the C14 through radioautography and radioassay. Large quantities of carbon, chromatographically identified as sucrose, were found to move from the host into the aerial shoots of the mistletoe. A marked accumulation of C14 was noted in the host stem above the site of mistletoe infection and was explained as resulting from a constriction or disruption of the phloem tissue of the host by the endophytic system of the parasite. They concluded that the decline of the host commonly associated with dwarf mistletoe infection does not result directly from the parasitism of Arceuthobium but rather from a girdle produced by the endophytic system which inhibits basipetal translocation. The nutritional relationship of dwarf mistletoe with its host remains the subject of much controversy.
The presence of chlorophyll and the report of net photosynthetic fixation of CO2 in Phoradendron leaves (10) have led most workers to regard the true mistletoe as a "water parasite." However, Wagener (29) reported a case where Phoradendron juniperinum Engelm., infecting the trunk of an old incense cedar, apparently had been living for much its 409 years without the benefit of aeri-al shoots. O'Kelley (20) after noting a stimulation of Phoradendron-infected maple branches, concluded that the effect was mechanical, similar to that of a girdle, which blocked the downward movement of organic substances produced in the host leaves. Thus it appears that the relationship of Phoradendron to its host is also subject to some question.
Recent work on Viscum album (25) involving C1402 feeding experiments indicate that this mistletoe, which is similar to Phloradendron, derives an insignificant amount of carbonaceous material from its host. This finding confirms that of Launay (18) who followed the translocation of dyes between the host and parasite and concluded that Viscum depends upon its host mainly for water and minerals.
The present study attempts to determine in greater detail the nature of carbohydrate nutrition in mistletoes. Because of its importance as a forest pathogen, Arceuthobium has been the principal subject of investigation with comparative studies being conducted on Phoradendron. The work was begun during the summer of 1960 and was terminated in the autumn of 1963.
Materials and Methods
This study involved labeling the photosynthate produced in the terminal portion of an infected branch by feeding it C1402 and following the subsequent translocation and distribution of the label in both host plant and mistletoe. All tests were conducted in the field using young trees 15 to 50 years of age bearing mistletoe infections on their lower branches. Localized infections, characterized by a fusiform swelling bearing aerial shoots on the region of greatest diameter, were utilized in all studies reported here. Abies concolor (G. and G.) Lindl. infected with Arceuthobium campylopodum Engelm., growing at an elevation of about 1675 m, was the principal experimental subject. Numerous other host-parasite associations, representing a variety of ecological situations, were included for comparative purposes (table  I) .
The device used to apply C1402 to the host foliage consisted of a polyethylene bag enclosing the terminal portion of the infected branch. Two tygon tubes were inserted through the mouth of the bag and wrapped together with the branch in a strip of sponge rubber. A gas tight seal was achieved by securely tying the mouth of the bag over the rubber gasket with a piece of string. The tygon tubes were attached to a rubber circulatory pump and a CO2 generator in such a way that a closed system was obtained in which air from the bag could be circulated through the generator and back into the bag. The CO2 generator was a 17 ml glass vial closed with a rubber stopper through which 3 Radiochromatographs were quantitized according to methods described by Davidson (8) . Portions of the paper chromatographs containing radioactivity were placed in scintillation vials filled with scintillator fluid prepared by dissolving 0.5 g of 1,4-bis-2-(4-methyl-5-phenyloxazolyl) -benzene (dimethyl POP-OP) and 6 g of 2,5-diphenyl-oxazole (PPO) Radioactivity initially accumulated at the region of the endophytic system. During the spring (June) and summer (August) the radioactivity in the endophytic system declined as a result of translocation into the mistletoe shoots. During the autumn and winter when movement to the aerial shoots occurred at a much reduced rate, the level of radioactivity in the region of the endophytic system remainedl high.
Thus, while the rate of transport might vary somewhat, the mistletoe apparently draws upon the assimilate stream of its host throughout the year.
There appeared to be a delay of about 1 day between the time C14 was first detected at the site of infection and the time it first appeared in the aerial shoots. This may indicate a change in the mechanism of transport possibly related to the absence of (5, 6, 16, 28) . When mistletoe shoots were girdled by exposing a portion of the stem to steam, host photosynthate failed to move through the injured tissue and the shoots subsequently died. This suggests that transport of organic materials within the mistletoe plant occurs via an active process. The basipetal translocation of photosynthate in the fir branches was not blocked by the presence of dwarf mistletoe infections, since in most cases significant levels of radioactivity were detected in stem tissue below the site of infection. Rediske and Shea (23) noted a large concentration of C14 just above the swelling associated with the endophytic system of the mistletoe. The radioautographs prepared in this study did not indicate any such accumulation in uninfected stem tissue of any Arceuthobium infection observed. To test this phenomenon, 7 infected white fir branches were sampled such that the stem tissue directly below the area of C1402 fixation and that just above the site of infection were assayed separately. The specific activity of the former stem tissue averaged 52 cpm per mg while that of the latter was 28 cpm per mg. The stem tissue containing the endophytic system of the mistletoe averaged 55 cpm per mg for the same 7 plants. Thus only the normal decline in specific activity, with increasing distance from the site of C14O2 application, was noted in the uninfected portions of the stem. The relatively short duration (24 One mistletoe infected and one uninfected lateral branch was defoliated prior to treatment. Note the movement of C14 into both defoliated branches but especially into that infected with mistletoe, where concentration of label was most marked in the aerial shoots, region of the endophytic system and growing buds of the fir branch distal to the site of nifection. prevent photosynthetic activity ( fig 3C) . Natural infections of Arceuithobium rarely terminate a host branch (the stem above the site of infection dies and the mistletoe continues to live), which suggests that such a situation may not be particularly stable over extended periods of time. Peirce (22) physically girdles the host stem at the site of infection, thereby reducing the flow of assimilates from parasitized branches. They tend to discount the removal of host carbohydrates by dwarf mistletoe as playing a significant role in the decline of the host normally associated with extensive mistletoe infestation. The present findings do not support their conclusions. The fact that lateral branch infections can accumulate photosynthate from the main stem argues against the idea that such accumulation is a result of the branch having been girdled. Actual girdles do not permit the downward movement of assimilates in white fir branches, while translocation through mistletoe infections is normally observed. Partial girdles were found only moderately effective in blocking the basipetal flow of photosynthate, indicating some capacity for lateral transport in conifer phloem. Thus, if the mistletoe were to physically girdle the stem effectively, it would have to block most of the conducting elements in the phloem. One old dwarf mistletoe infection on Pinus sabiniana had an area of swelling over 14 inches in length; yet C14 photosynthetically fixed in the terminal portion of this branch passed through the entire length of the infection to the uninfected basal portion. The transport of photosynithate was noted to flow in a reverse direction through an infection on a lateral branch from which the foliage had been removed ( fig 3C) . The literature on mistletoe morphology does not present evidence for any disruption or injury to the phloem of the host at the site of infection. From these observations, we conclude that no physical girdle exists in the region of dwarf mistletoe infection and that the ensuing injury is caused by the drain on the carbohydrate supply of the host resulting from the parasitic activity of the mistletoe.
A detailed study of the stem containing the endophytic system of dwarf mistletoe (fig 4) revealed a marked accumulation of radioactivity in a broad band of host phloem tissue as well as in the cortical strands and sinkers of the mistletoe ( fig 4A) . Noninfected portions of the stem showed only a thin band of phloem tissue retaining an appreciable amount of label ( fig 4B) .
When the bark and wood from infected and uninfected stems were separated and assayed for radioactivity, it was found that both the bark and the wood from the infected portion of a stem contained more label than did comparable tissues from uninfected stems ( August 29, 1961 . Note exclusion of C14 from mistletoe sinkers, x3. CS, cortical strand of mistletoe; ES, endophytic system of mistletoe; P, phloem of host plant; RD, resin duct; S, sinker of mistletoe. (fig 4C and D) . A similar accumulation of label in the resin ducts was noted when digger pine stems were girdled. Since the function of resin ducts in conifers is poorly understood, the significance of this observation is difficult to assess. Localized infections of Arceuthobium are characterized by a fusiform swelling which usually indicates the extent of the endophytic system (24) . Such swellings result from stimulated cambial activity in the infected region of the host stem. An analysis of the mass distribution between the bark and wood of infected por-tions shows that the phloem contributes more to this growth than does the xylem (table III) .
WVhile tissue of the endophytic system is included in both wood and bark of infected stems and undoubtedly contributes more to the bark than to the wood, it is questionable if it is sufficient to explain the difference in mass distribution of infected stems.
In contrast, the endophytic system of Phoradendron (loes not accumulate C14 moving in the assimilate stream of its host. In fact, the parasite apparently excludes such material (fig 4E and F) . At the site of infection the radioactivity is more or less confined to a thin band near the cambium with a rather diffuse distribution throughout the xylem. In the more than 20 plants studied, there was not a single case in which the labeled photosynthate failed to traverse the site of infection (fig 2) . This does not agree with the view of O'Kelley (20) that Phoradendron girdles the stem which it infects, thereby causing a swelling at the point of infection and a stoppage of basipetal translocation.
The chemical nature of C14 transported in healthy and clwvarf mistletoe parasitized white fir trees was studied during different seasons of the year (tables IV, V). It is interesting to note the high percentage of C'4 extracted with 80 % ethanol 2 weeks after exposing the terminal foliage to C1402 (table IV) . The ethanol extract contained over 85 % of the C14 in the autumn and winter, about 75 % in the summer, and about 50 % during the spring. There is a suggestion that the ethanol soluble fraction contains less of the C14 present in healthy branches than it does in those infected with Arceuihobium. This may lend some support to the idea that one of the effects of mistletoe parasitism is to reduce the level of stored carbohydrates in the host plant (32) .
During the early spring before bud break, the region of the endophytic system showed a somewhat greater conversion of C14 to materials insoluble in 80 % ethanol than did the adjacent uninfected stem tissue. This difference disappeared as the season progressed. This suggests that in the spring growth of the mistletoe is resumed before that of the host stem. It should be pointed out, however, that when the ethanol-insoluble residue was incubated with diastase (clarase, Takamine Laboratory Inc.) for 48 hours at 360, much of the C14 was recovered in glucose (46 % in the endophytic system and 22 % in the treated host foliage). During the late spring period of shoot extension and leaf formation, less During all seasons of the Year, the first compound to become labeled in the mistletoe shoots was sucrose, which was present in this tissue in rather high concentrations. Only after some time was there much conversion of C14 to fructose and glucose. Two other neutral compounds also comprised a significant amount of radioactivity in the water soluble fraction, especially during the winter and early spring. These sugars were identified as raffinose and stachyose, which corresponds to similar findings of Parker (21) . These oligosaccharides were present in both healthy and infected white fir stems, in the region of the endophytic system, but not in the aerial shoots of the mistletoe. During the winter raffinose contained over 25 % of the C14 in the water soluble fraction of stem tissue, but during most of the year it represented less than 10 %.
These findings are interpreted as followvs. During much of the year, soluble carbohydrates constitute a fairly significant proportion of the energy reserves of con,ifers. Of these sugars, sucrose is the primary translocated form, with raffinose and stachyose probably serving in the same capacity (35) . Fructose and glucose are storage forms, maintained in rather large pools in the parenchyma of leaves and stems. As sucrose mloves through the sieve cells of the stem, some of it is removed by adjacent nonconducting cells (parenchyma and albumlinous cells) where it is hydrolyzed and stored as the monosaccharides. Some of these sugars reenter the sieve cells but are condensed to sucrose in the process. Thus, there is a certain amount of C" introduced into the assimilate stream for long periods following a single application of labeledl photosynthate. The large percentage of C14 foun(d in sucrose and raffinose during the winter and spring, even after 2 weeks, suggests that these sugars may also serve as storage carbohydrates. This agrees in essence with the general scheme proposed by Ziimmermann (35) .
In 
